Development of ion exchangers that show large lithium isotope effects is hoped for to establish highly efficient chromatographic processes of lithium isotope separation. In this paper, preparation, characterization, ion exchange properties, and lithium isotope selectivity of inorganic materials that have been and still are being studied by my research group at Sophia University are reviewed. They include manganese oxides-based ion exchangers, antimonic acids and titanium/zirconium phosphates-based ion exchangers. As a result, the lithium isotope separation effects that were one order of magnitude larger than those of organic ion exchangers were obtained. Some inorganic ion exchangers were found to show ion exchange rates more than comparable to those of organic ones.
and ion exchange systems with large lithium isotope effects are hoped for.
The most straightforward way to realize ion exchange systems with large lithium isotope separation effects is to develop ion exchangers with high lithium isotope selectivity. For this purpose, inorganic cation exchangers seem to have some advantages over organic ones. The cation exchange group of the former ion exchangers is usually expressed as M-O-H + where M is a metal or non-metal. A diversity of ion exchange properties is expected for M-Ogroups depending on the kind of M and structures of ion exchangers as a whole. It is well known that some inorganic ion exchangers show specifically high selectivities toward certain ions17) . A similar phenomenon may be possible for the lithium isotopes; some inorganic ion exchangers may show high selectivity for either of the two lithium isotopes.
In fact, some inorganic ion exchangers show lithium isotope effects several times to more than one order of magnitude larger than those of organic ion exchangers. They include manganese oxides-based ion exchangers, antimonic acids and titanium/zirconium phosphates-based ion exchangers. In this paper, I review preparation, characterization, ion exchange properties and lithium isotope selectivity of those ion exchangers that have been and still are being studied by my research group, placing special emphasis on titanium/zirconium phosphates-based ion exchangers.
In Sections 2 to 4, a S value is determined batchwise at a constant temperature. The solution phase is usually aqueous solution containing 0.10 M lithium ion (1 M =1 mol/ dm3) . The 7Li/6Li isotopic ratio is determined by the thermal ionization technique using mass spectrometers. The ion uptake and the rate of ion exchange are measured batchwise at a constant temperature. The solution phase is usually aqueous solution containing 0.10 M lithium ion.
The ion selectivity is estimated as distribution coefficient, Kd, in cm3 g-1 defined as, Plots of (a) lithium ion uptake and (b) S by HMnO (2Mg) against the degree of magnesium extraction. The solution phase is 0.10 M LiOH solution.
(23) 
7Li/6Li isotopic ratio profiles of two chromatographic experiments of similar scales (similar exchange capacities) operated in the reverse breakthrough manner; one with CSbA (open circle) and the other with an organic ion exchanger (black circle) 14) . A much larger lithium isotope separation effect is observed for the operation with C-SbA than with the organic ion exchanger; while the mole fraction of 6Li only changes from its natural abundance of 7.5% to 7.8% with the organic ion exchanger, 6Li is enriched from 7.5% up to 11.5% with C-SbA. This is a supporting evidence of the excellence of C-SbA as lithium isotope separator over organic ion exchangers.
Summary
Antimonic acids in general show larger lithium isotope effects than manganese oxides-based ion exchangers. A drawback of M-SbA may be that it is very difficult to reextract lithium ions from Li-inserted M-SbA. The granular C -SbA is a promising column packing material for chromatographic lithium isotope separation. Unfortunately, its chemical and mechanical stability is low. The method of granulating C-SbA has to be reinvestigated to improve its stability. Such improvements may make band displacement chromatography using C-SbA as column packing material possible, which may lead to an establishment of a lithium isotope separation system with high performance.
TITANIUM/ZIRCONIUM
PHOSPHATES-BASED ION EXCHANGERS Titanium/zirconium phosphates and their derivatives are structurally diversified. Some are amorphous/semicrystalline and others are crystalline. Crystalline ones take two-dimensional layered structures and three-dimensional tunnel and net structures. The family of titanium/zirconium phosphates-based ion exchangers may include those that show large lithium isotope effects42) and/or fast ion exchange rates. 4.1 HZr2 (PO4) 3 prepared from NH4Zr2 (PO4) 343) 4.
Preparation and characterization
The rhombohedral NH4Zr2 (PO4) 3, designated hereafter as NH4ZP, is obtained as precipitate from a mixed solution of oxalic acid and ZrO2 + solutions by adding NaH2PO4 and controlling pH with NH344) . By slightly changing preparation conditions, rhombohedral NH4ZPs with different grain sizes and specific surface areas are synthesized. No crystallographic difference among various NH4ZPs is observed. The lattice constants a and c of NH4ZP are, respectively, slightly shorter and longer than those of lithium, sodium and potassium analogues45 Fig.  10 . Fig. 10 Logarithms of Kds of alkali metal ions on HTZP(Li) (x= 0) (circle), HTZP (Li) (x=0.5) (triangle), HTZP (Li) (x =1) (square), HTZP (Li) (x=2) (inverted triangle) and HTZP(Na) (x=0.5) (diamond). The arrows mean the plots are beyond the upper limit of the frame. The XRD patterns of Nal +xTi2P3-xSixO12 (x = 0, 1, 1.5) Fig. 11 XRD patterns of (a) 6Na2O-39CaO-24TiO2-31 P2O5 glass, (b) NaTi2 (PO4) 3-Ca3 (PO4) 2 glass ceramics and (c) HGTPS (Na) (x=0). The peaks of Ca3 (PO4) 2 are marked with the black circles. Non-marked peaks in (b) and (c) are those of the NaTi2 (PO4) 3 phase. As is shown in Fig.  11 , the NaTi2P3O12-
ha) crystallizes into NaTi2P3O12-Ca3 (PO4) 2 glass ceramics composed of the Na2Ti2P3O12 and Ca3 (PO4) 2 phases (Fig. 11b) , and, by the acid treat ment, the Ca3 (PO4) 2 phase disappears (Fig. 11c) . Except for the disappearance of the Ca3 (PO4)2 phase, the XRD pattern in Fig. 11c is very similar to that of Fig. 11b hydrogenphosphate groups is further developed. Thus, the S value increases with increasing degree of condensation of dihydrogenphosphate groups. The maximum S value of 1.028 is the largest value ever observed by our group in highly basic conditions.
Summary
Among titanium/zirconium phosphates-based ion exchangers, HTZP (NH4) has large S values comparable to those of amalgam and crown ether/cryptand systems, and scTiOP, having medium S, shows fast ion exchange rates over those of commercially available organic ion exchangers. They are potentially lithium isotope separators of high performance. A general drawback of titanium/zirconium phosphates-based ion exchangers is that they are not very stable in highly basic conditions; dissolution of phosphorus is quite often observed in such conditions. To de- 
